Calcium ions generate versatile intracellular signals that control key functions in all types of neurons. Imaging calcium in neurons is particularly important because calcium signals exert their highly specific functions in well-defined cellular subcompartments. In this Primer, we briefly review the general mechanisms of neuronal calcium signaling. We then introduce the calcium imaging devices, including confocal and two-photon microscopy as well as miniaturized devices that are used in freely moving animals. We provide an overview of the classical chemical fluorescent calcium indicators and of the protein-based genetically encoded calcium indicators. Using application examples, we introduce new developments in the field, such as calcium imaging in awake, behaving animals and the use of calcium imaging for mapping single spine sensory inputs in cortical neurons in vivo. We conclude by providing an outlook on the prospects of calcium imaging for the analysis of neuronal signaling and plasticity in various animal models.
Introduction
Calcium ions generate versatile intracellular signals that determine a large variety of functions in virtually every cell type in biological organisms (Berridge et al., 2000) , including the control of heart muscle cell contraction (e.g., Dulhunty, 2006) as well as the regulation of vital aspects of the entire cell cycle, from cell proliferation to cell death (Lu and Means, 1993; Orrenius et al., 2003) . In the nervous system, calcium ions preserve and, perhaps, even extend their high degree of versatility because of the complex morphology of neurons. In presynaptic terminals, calcium influx triggers exocytosis of neurotransmitter-containing synaptic vesicles (for review, see Neher and Sakaba, 2008) . Postsynaptically, a transient rise of the calcium level in dendritic spines is essential for the induction of activity-dependent synaptic plasticity (Zucker, 1999) . In another cellular subcompartment, the nucleus, calcium signals can regulate gene transcription (Lyons and West, 2011) . Importantly, intracellular calcium signals regulate processes that operate over a wide time range, from neurotransmitter release at the microsecond scale to gene transcription, which lasts for minutes and hours (Berridge et al., 2003) . Thus, the time course, the amplitude, and, most notably, the local action site in well-defined cellular subcompartments are essential determinants for the function of intracellular calcium signals. Therefore, not surprisingly, the direct investigation of the plethora of diverse neuronal calcium functions benefited enormously from the development of techniques allowing the visualization and quantitative estimation of the intracellular calcium signals.
Historically, the development of calcium imaging involved two parallel processes: the development and the continuous improvement of calcium sensors, and the development and the implementation of the appropriate instrumentation. Among the first calcium indicators used for monitoring the dynamics of cellular calcium signaling were bioluminescent calcium-binding photoproteins, such as aequorin (Ashley and Ridgway, 1968; Shimomura et al., 1962) . A next class of calcium indicators is represented by the synthetic compound arsenazo III, an absorbance dye that changes its absorption spectrum as a function of bound calcium (Brown et al., 1975) . While aequorin and arsenazo III provided important early insights into the calcium-dependent regulation of neuronal processes (Hallett and Carbone, 1972; Lliná s and Nicholson, 1975; Stinnakre and Tauc, 1973) , their implementation and use was often tedious, mostly because of problems with dye delivery. A true breakthrough was then the development of more sensitive and versatile fluorescent calcium indicators and buffers by Roger Tsien and colleagues (Tsien, 1980) . These indicators were the result of the hybridization of highly calcium-selective chelators like EGTA or BAPTA with a fluorescent chromophore. The first generation of fluorescent calcium indicators consisted of quin-2, fura-2, indo-1, and fluo-3. Quin-2 is excited by ultraviolet light (339 nm) and was the first dye of this group to be used in biological experiments Tsien et al., 1982) . Quin-2, however, is not particularly bright and needs to be used at high intracellular concentrations to overcome cellular autofluorescence (Tsien, 1989) . Instead, another dye of that family, namely fura-2 (Grynkiewicz et al., 1985) , is in many ways superior to quin-2 and became very popular among neuroscientists. Fura-2 is usually excited at 350 and/or 380 nm and shows calcium-dependent fluorescence changes that are significantly larger than the ones produced by quin-2. Furthermore, fura-2 is particularly useful because it allows more quantitative calcium measurements involving the ratioing of the signals obtained with alternating the excitation wavelengths (Neher, 1995) . Over the years, many more calcium indicators with a wide range of excitation spectra and affinities for calcium have been introduced. These include, among others, the Oregon Green BAPTA and fluo-4 dye families (Paredes et al., 2008) . These dyes are widely used in neuroscience because they are relatively easy to implement and provide large signal-to-noise ratios. An important next breakthrough, again from the laboratory of Roger Tsien (Miyawaki et al., 1997) , was the introduction of protein-based genetically encoded calcium indicators (GECIs) . While the early types of GECIs had somewhat limited areas of application because of their slow response kinetics and low signal-to-noise ratios, there had been tremendous progress in recent years (for review, see Looger and Griesbeck, 2011; Rochefort et al., 2008) .
The development of the fluorescent indicators was paralleled by the development of new imaging instrumentation. This included the implementation of video imaging (Smith and Augustine, 1988; Swandulla et al., 1991) , of CCD cameras (Connor, 1986; Lasser-Ross et al., 1991) , and of high-speed confocal microscopy (Eilers et al., 1995) for calcium imaging. The high signal strength of the fluorescent probes in combination with these emerging technologies allowed for real-time fluorescence observations of biological processes at the single-cell level. A major advance was in the early 1990s the introduction of twophoton microscopy by Winfried Denk and colleagues (Denk et al., 1990) and its use for calcium imaging in the nervous system (Yuste and Denk, 1995) . Two-photon imaging has revolutionized the field of calcium imaging (Helmchen and Denk, 2005; Svoboda and Yasuda, 2006) and is now used worldwide in many laboratories. In this Primer, after providing an introduction to neuronal calcium signaling, we describe what we believe to be the most important features for the application of calcium imaging in the nervous system. This includes the selection of the appropriate calcium indicator, the different dye-loading techniques, and the most popular imaging devices used for in vitro and in vivo calcium imaging. We focus on experiments performed in rodents as animal models, mostly because of their widespread use in the calcium imaging community.
Neuronal Calcium Signaling
Calcium is an essential intracellular messenger in mammalian neurons. At rest, most neurons have an intracellular calcium con- Sources of calcium influx are calcium-permeable a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) glutamatetype receptors, voltage-gated calcium channels (VGCC), nicotinic acetylcholine receptors (nAChR), and transient receptor potential type C (TRPC) channels. Calcium release from internal stores is mediated by inositol trisphosphate receptors (IP 3 R) and ryanodine receptors (RyR). Inositol trisphosphate can be generated by metabotropic glutamate receptors (mGluR). Calcium efflux is mediated by the plasma membrane calcium ATPase (PMCA), the sodium-calcium exchanger (NCX), and the sarco-/endoplasmic reticulum calcium ATPase (SERCA). Also the mitochondria are important for neuronal calcium homeostasis centration of about 50-100 nM that can rise transiently during electrical activity to levels that are ten to 100 times higher (Berridge et al., 2000) . Figure 1 summarizes some of the most important sources of neuronal calcium signaling, without taking into account their spatial organization into the different cellular subcompartments, such as dendritic arbor, cell body, or presynaptic terminal. At any given moment, the cytosolic calcium concentration is determined by the balance between calcium influx and efflux as well as by the exchange of calcium with internal stores. In addition, calcium-binding proteins such as parvalbumin, calbindin-D28k, or calretinin, acting as calcium buffers, determine the dynamics of free calcium inside neurons (Schwaller, 2010) . Importantly, only free calcium ions are biologically active. There are multiple mechanisms underlying the calcium influx from the extracellular space, including voltagegated calcium channels, ionotropic glutamate receptors, nicotinic acetylcholine receptors (nAChR), and transient receptor potential type C (TRPC) channels (Fucile, 2004; Higley and Sabatini, 2008; Ramsey et al., 2006) . Calcium ions are removed from the cytosol by the plasma membrane calcium ATPase (PMCA) and the sodium-calcium exchanger (NCX) (Berridge et al., 2003) . Calcium release from internal stores, mostly the endoplasmic reticulum (ER), is mediated by inositol trisphosphate receptors and ryanodine receptors (Berridge, 1998) . Inositol trisphosphate can be generated in neurons, for example, by the activation of metabotropic glutamate receptors (Niswender and Conn, 2010) . The high calcium level inside the ER is maintained by the sarco-/endoplasmic reticulum calcium ATPase (SERCA) that transports calcium ions from the cytosol to the lumen of the ER. In addition to the ER, mitochondria are also important for neuronal calcium homeostasis. Mitochondria can act as calcium buffers by taking calcium up during cytosolic calcium elevations through the calcium uniporter and then releasing it back to the cytosol slowly through sodium-calcium exchange (Duchen, 1999) . In the following we describe in more detail some of the main contributors to neuronal calcium signaling. Voltage-Gated Calcium Channels VGCCs comprise a broad class of channels with a high selectivity for calcium ions and a wide variety of voltage-dependent activation and inactivation features. Based on their threshold of voltage-dependent activation they are generally categorized into high-(HVA) and low-voltage-activated (LVA) channels (Catterall, 2000) . HVA channels can be further subdivided based on their biophysical, pharmacological, and molecular features. They are traditionally classified as L-, P/Q-, N-, and R-type calcium channels. Which class of VGCC is present in a given neuron depends on the cell type and also on the cellular subcompartment. For example, T-type LVA channels are highly expressed in thalamic neurons (Coulter et al., 1989) , while P-type channels are highly abundant in cerebellar Purkinje neurons (Usowicz et al., 1992) . L-type and predominantly R-type VGCCs are abundant in dendritic spines of pyramidal neurons (Bloodgood and Sabatini, 2007b; Hoogland and Saggau, 2004; Yasuda et al., 2003) , while P/Q-and N-type channels are found in many nerve terminals (Catterall, 2000; Plant et al., 1998) . In the dendrites and spines of most central neurons, VGCCs are effectively activated by backpropagation of action potentials (Spruston et al., 1995; Waters et al., 2005) and by synaptically mediated depolarization of dendritic spines (Bloodgood and Sabatini, 2007b; Reid et al., 2001) . As the recording of somatic calcium signals is widely used for the monitoring of action potential activity in vitro ) and in vivo (Stosiek et al., 2003) , it is important to note that here VGCCs are the main determinant of these signals. An important functional role of somatic calcium signals is the induction of gene transcription (Lyons and West, 2011) . N-Methyl-D-Aspartate Receptors NMDA receptors are ionotropic glutamate receptors and mediate a major part of the postsynaptic calcium influx in the dendritic spines of various neuronal cell types, such as pyramidal neurons of the hippocampus (Bloodgood and Sabatini, 2007b; Kovalchuk et al., 2000; Sabatini et al., 2002; Yuste et al., 1999) and cortex (Koester and Sakmann, 1998; Nevian and Sakmann, 2006) . This rise in spine calcium concentration is particularly important for the long-term modification of synaptic strength (Zucker, 1999) . NMDA receptor channels are nonspecific cation channels that are permeable for sodium, potassium, and calcium ions. The fraction of calcium ions contributing to the total cation current through NMDA receptor channels is about 6%-12% (Burnashev et al., 1995; Garaschuk et al., 1996; Rogers and Dani, 1995; Schneggenburger et al., 1993) . The specific properties of NMDA receptors are determined by the subunit composition, the phosphorylation status of the receptor, and, importantly, the membrane potential of the neuron. NMDA receptors are heteromers of the subunit NR1 in combination with NR2 subunits, like NR2A or NR2B (Bloodgood and Sabatini, 2007a) . In CA1 hippocampal neurons, dendritic spines express preferentially either the NR2A or the NR2B subunits and, in a given neuron, the contribution of NR2A-or NR2B-mediated calcium influx to the spine calcium signal is variable among the different dendritic spines (Sobczyk et al., 2005) . Another factor that determines the permeability for calcium ions is the phosphorylation status of the NMDA receptors. Thus, the permeability is enhanced by increased phosphorylation whereas dephosphorylation decreases calcium permeability (Skeberdis et al., 2006; Sobczyk and Svoboda, 2007) . Finally, a critical modulator of NMDA receptor function is the membrane potential as it determines the efficacy of the voltage-dependent block of NMDA receptors by magnesium (Mayer et al., 1984; Nowak et al., 1984) . The NMDA receptordependent ionic current increases as a function of increasing neuronal depolarization from the resting membrane potential. Calcium-Permeable a-Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic Acid Receptors Calcium-permeable AMPA receptors are another class of ionotropic glutamate receptors. They are found in many forms of aspiny GABAergic neurons and characterized by the relative lack of the GluR2 receptor subunit (Jonas et al., 1994) . GluR2-lacking AMPA receptors are permeable for sodium, calcium, potassium, but also zinc ions (Liu and Zukin, 2007) . They exhibit fast gating kinetics (Geiger et al., 1995) and their inwardly rectifying I-V relationship arises from a voltage-dependent block due to intramolecular polyamines (Bowie and Mayer, 1995; Koh et al., 1995) . The subunit composition varies in a synapsespecific manner within individual neurons (Tó th and McBain, 1998) . This feature enables individual neurons to produce different types of responses to distinct synaptic inputs. Importantly, the presence of GluR2-containing and GluR2-lacking AMPA receptors is not static, but is highly regulated, particularly in response to neuronal activity (Liu and Cull-Candy, 2000) . Thus, permeability of AMPA receptors to calcium is dynamic within a given neuron and can therefore contribute to synaptic plasticity mechanisms in aspiny neurons. For example, tetanic stimulation of synaptic inputs from excitatory neurons onto amygdala interneurons produces long-term potentiation (LTP) of the excitatory postsynaptic currents, a form of plasticity thought to be an important cellular mechanism for fear conditioning (Mahanty and Sah, 1998) . This potentiation was independent of NMDA receptors and thus, in these aspiny neurons, calcium-permeable AMPA receptors probably mediate a major component of calcium signaling during LTP induction. In another type of aspiny neurons, namely, neocortical GABAergic cells, Goldberg et al. (2003) used two-photon calcium imaging to demonstrate that activation of single synapses creates highly localized dendritic calcium signals. The characteristics of this calcium signal are determined by the fast kinetics of calcium-permeable AMPA receptors, the fast local extrusion through the sodium-calciumexchanger, and the buffering by calcium-binding proteins, such as parvalbumin (Goldberg et al., 2003) . Thus, the authors concluded that the expression of calcium-permeable AMPA receptors in spine-lacking neurons might enable calcium signal compartmentalization in response to single synapse activation, somewhat similarly to synapses located on dendritic spines in excitatory neurons, a feature that may have important consequences for neuronal processing in aspiny neurons. In pyramidal neurons, calcium-permeable AMPA receptors have also been shown to be involved in some forms of synaptic calcium signaling. For example, sensory activation can promote an increase in calcium that is mediated by GluR2-lacking AMPA receptors at neocortical layer 4-layer 2/3 excitatory synapses. This calcium signal may represent an alternate source for activity-dependent calcium entry, facilitating the initiation of synaptic plasticity (Clem and Barth, 2006) . Metabotropic Glutamate Receptors mGluRs are 7-transmembrane G protein-coupled receptors that are broadly distributed within the nervous system (Ferraguti and Shigemoto, 2006) . They are classified in group I, II, and III mGluRs, are expressed in a cell-type-specific fashion, and exert diverse physiological roles (Lü scher and Huber, 2010) . The receptor classes differ in their downstream signaling mechanisms; for example, group I mGluRs are coupled to the G q protein (Wettschureck and Offermanns, 2005) . In cerebellar Purkinje neurons, the mGluR1 subtype of this group mediates both an increase in intracellular calcium as well as a TRPC3-dependent inward current (Hartmann et al., 2008) . Upon activation of mGluR1, phospholipase C mediates the generation of IP 3 , which binds to receptors in the ER and induces calcium release (Niswender and Conn, 2010) . Calcium Release from Internal Stores Calcium release from internal stores is best known to occur from the ER through inositol trisphosphate receptors (IP 3 Rs) and ryanodine receptors (RyRs) but may involve also other intracellular organelles (Rizzuto and Pozzan, 2006) . Calcium signals resulting from calcium release from internal stores have been found in various types of neurons at different developmental stages (e.g., Llano et al., 2000; Lohmann et al., 2005; Manita and Ross, 2009 ). While IP 3 -mediated calcium release is mostly triggered by neurotransmitters such as glutamate (see above), RyRs can be activated by elevations of the cytosolic calcium concentration. This RyR-mediated process of calcium-induced calcium release can contribute, for example, to the amplification of the calcium influx generated by action potential firing in neurons (Kano et al., 1995; Tsien and Tsien, 1990) . Both IP 3 Rs and RyRs are regulated by various intracellular factors, perhaps most importantly by calcium itself (Berridge, 1993) . The regulatory action through calcium applies from both the lumenal or cytosolic side of the channels. This calcium dependence establishes a feedback loop coordinating calcium influx from the internal stores into the cytosol and plays, in the case of IP 3 Rs, an essential role for synaptically evoked dendritic calcium waves in neocortical and other types of neurons Nakamura et al., 1999) .
A major challenge in the analysis of the various sources of neuronal calcium signaling is that they are generally not active one at a time, but have overlapping activities with strong interactions. For example, during strong synaptic activity calcium influx through both NMDA receptors and VGCCs in the dendrites and spines of CA1 hippocampal neurons sum up nonlinearly and their combined signals acts as a coincidence detector between pre-and postsynaptic activity (Yuste and Denk, 1995) . Similarly, in cerebellar Purkinje cells, the pairing of climbing fiber activity with parallel fiber bursts triggers dendritic calcium signals that are largest when activation of parallel fibers precedes the climbing fiber activation by a certain time window (Wang et al., 2000) . In view of these complexities, calcium imaging is often indispensable for the dissection of the specific signaling mechanisms in neurons. Figure 2A describes the mode of action of the bioluminescent calcium indicator aequorin, derived from marine organisms, such as the luminescent jellyfish aequorea victoria (Shimomura et al., 1962) . It is composed of the apoprotein apoaequorin and a noncovalently bound chromophore, a combination of coelenterazine and molecular oxygen (Ohmiya and Hirano, 1996) . It contains three calcium-binding sites (Head et al., 2000) . Upon binding of calcium ions, the protein undergoes a conformational change resulting in the oxidation of coelenterazine to coelenteramide and in the emission of a photon (about 470 nm wavelength) due to the decay of coelenteramide from the excited to the ground state (Ohmiya and Hirano, 1996) . The rate of this reaction depends on the cytosolic calcium concentration (Cobbold and Rink, 1987) . Importantly, aequorin is characterized by a high signal-to-noise ratio and a wide dynamic range being able to monitor changes in the cytosolic calcium concentration from 10 À7 to 10 À3 M (Bakayan et al., 2011; Brini, 2008) . Bioluminescent recordings of calcium signals using aequorin do not require external illumination, thus avoiding problems such as phototoxicity, photobleaching, autofluorescence, and undesirable stimulation of photobiological processes (Xu et al., 2007) . However, each molecule performs only one emission cycle and, unfortunately, the recharging process with the coelenterazine is relatively slow (Shimomura et al., 1993) . Moreover, as the extracted form of aequorin cannot penetrate the plasma membrane of intact cells, it needs to be loaded into single cells by means of a micropipette (Chiesa et al., 2001) . The cloning and sequence analysis of the aequorin cDNA has partially overcome this problem by enabling apoaequorin expression in a wide variety of cell types and from defined intracellular compartments (Inouye et al., 1985; Rizzuto et al., 1992) . However, all these applications using expression of the apoprotein require exogenous supplementation of coelenterazine (Shimomura, 1997) . In general, aequorin-based recording of calcium signals suffers from low quantum yield and low protein stability (Brini, 2008) .
Calcium Indicators
In an attempt to increase the quantum yield, aequorin has been combined with different fluorescent proteins (Bakayan et al., 2011; Baubet et al., 2000; Martin et al., 2007; Rogers et al., 2005) . Figure 2B shows the structure of fura-2, a representative example for the fluorescent chemical (or synthetic) calcium indicators (Grynkiewicz et al., 1985) . As already mentioned, fura-2 is a combination of calcium chelator and fluorophore. It is excitable by ultraviolet light (e.g., 350/380 nm) and its emission peak is between 505 and 520 nm (Tsien, 1989) . The binding of calcium ions causes intramolecular conformational changes that lead to a change in the emitted fluorescence. With one-photon excitation, fura-2 has the advantage that it can be used with dual wavelength excitation, allowing the quantitative determination of the calcium concentration in a neuron of interest independently of the intracellular dye concentration . Another advantage of fura-2 is that it has a good cross-section for two-photon calcium imaging (Wokosin et al., 2004; Xu et al., 1996) . However, because of the broad absorption spectrum in conditions of two-photon excitation, ratiometric recording is not feasible. Instead, fura-2 and GFP labeling can be readily combined because of their well-separated absorption peaks. For example, fura-2 has been successfully used for twophoton calcium imaging in GFP-labeled interneurons (Sohya et al., 2007) . While fura-2 emitted fluorescence decreases upon calcium elevations in conditions of two-photon imaging, the fluorescence of other indicators, like Oregon Green BAPTA and fluo, increases with calcium elevations inside cells. Perhaps Neuron Primer these indicators became therefore quite popular for more noisy recording conditions like those present in vivo (e.g., Sato et al., 2007; Stosiek et al., 2003) . Another major advantage of the chemical calcium indicators is that they exist in a membranepermeable as well as in a membrane-impermeable form enabling their use in combination with a variety of different loading techniques (see section on dye-loading approaches) (Helmchen and Waters, 2002) . Finally, these indicators are available at different calcium affinities and different spectral properties, allowing their simultaneous use (for overview of dye properties, see Johnson and Spence, 2010) .
Genetically encoded calcium indicators (GECIs) come in two flavors, namely, those involving Fö rster resonance energy transfer (FRET) ( Figure 2C ) and the single-fluorophore ones ( Figure 2D ). For the illustration of the FRET-based GECIs we selected as a representative Yellow Cameleon (YC) 3.60 (Nagai et al., 2004) ( Figure 2C ). FRET refers to a form of nonradiative energy transfer between an excited donor fluorophore and an acceptor fluoro- phore (Jares-Erijman and Jovin, 2003) . Their distance has to be less than 10 nm in order to enable FRET. YC 3.60 consists of two fluorescent proteins and is part of the cameleon family of GECIs Miyawaki et al., 1997) . It is composed of the enhanced cyan fluorescent protein (ECFP) as donor and the circularly permuted Venus protein as acceptor. These two proteins are connected by a linker sequence that consists of the calcium-binding protein calmodulin and the calmodulin-binding peptide M13 (Nagai et al., 2004) . In the absence of calcium ions, the emission is dominated by the blue ECFP fluorescence (480 nm). Upon calcium binding, intramolecular conformational changes lead to reduction of the spatial distance between the two fluorescent proteins. Thus, the Venus protein is excited due to the occurrence of FRET and emits photons of about 530 nm. In practice, the blue fluorescence decreases, whereas the yellow fluorescence increases. The calcium signal is expressed as a ratio between the Venus and the ECFP fluorescence. To avoid possible interactions of calmodulin with endogenous binding partners, two different approaches were taken. In D3cpV-type GECIs, the calmodulin-M13-binding interfaces were mutated to strongly reduce the interactions with cellular targets (Palmer et al., 2006; Wallace et al., 2008) . In another type of FRET-based calcium indicators, calmodulin is replaced by troponin C variants (Heim et al., 2007; Heim and Griesbeck, 2004; Mank et al., 2006; . Troponin C is the calcium-binding protein in the cardiac and skeletal muscle cells and as such it does not have endogenous binding partners in neurons.
A prime representative of the single-fluorophore GECIs is the GCaMP family ( Figure 2D ) that is increasingly used for calcium imaging in in vivo conditions (Chalasani et al., 2007; Dombeck et al., 2010; Fletcher et al., 2009; Wang et al., 2003) . GCaMPs consist of a circularly permuted enhanced green fluorescent protein (EGFP), which is flanked on one side by the calciumbinding protein calmodulin and on the other side by the calmodulin-binding peptide M13 (Nakai et al., 2001 ). In the presence of calcium, calmodulin-M13 interactions elicit conformational changes in the fluorophore environment that lead to an increase in the emitted fluorescence (Nakai et al., 2001; Tian et al., 2009) . Recently, after elucidating the structure of the GCaMP2, GCaMP3 was developed by protein engineering. It is improved concerning its signal-to-noise ratio, dynamic range, and response kinetics but it does not show reliable single actionpotential-associated calcium signals (Tian et al., 2009; Yamada et al., 2011) . Table 1 gives an overview of the most widely used calcium indicators, including some representative references and examples of applications. As a final note, it is important to remain aware of the fact that calcium indicators measure changes in the cytosolic free calcium concentration. Free calcium ions are in equilibrium with the calcium ions that are bound to endogenous calcium buffers, such as parvalbumin, calbindin-D28k, and calretinin (Baimbridge et al., 1992) . In calcium imaging experiments, the calcium indicators, except for aequorin, act as exogenous calcium buffer and thereby contribute to the total amount of cellular calcium buffer molecules (Helmchen et al., 1996) . Therefore, adding calcium indicator will change the intracellular calcium dynamics (Neher and Augustine, 1992) . In its simplest case, this perturbation is described by the ''single-compartment model,'' which takes into account the endogenous calcium-binding proteins and the exogenous calcium indicator (Helmchen et al., 1996; Regehr and Tank, 1994) . It is useful because it allows the estimation of the unperturbed calcium dynamics within the cytosol. For example, it has been successfully used for describing calcium dynamics in dendrites (Regehr and Tank, 1994) . Notably, calcium indicators differ in their affinities for calcium Paredes et al., 2008) (Table 1) . This is reflected in the dissociation constant (K d ) that describes the likelihood that a complex of indicator and calcium ion will separate. The K d has a molar unit and corresponds to the calcium concentration at which half of the indicator molecules are bound to calcium. There are low-(e.g., fluo-5N) and high-affinity (e.g., Oregon Green BAPTA-1) calcium indicators. The measured K d value is dependent on many parameters, including pH, temperature, and the presence of magnesium (Oliver et al., 2000) . Consequently, it might vary between in vitro and in vivo condition. When designing an experiment, choosing the appropriate indicator in the appropriate concentration is essential for the interpretation of the results. This decision should be guided by the scientific goals of the measurement and by the cells of interest. For example, fluorescent signals recorded with low-affinity indicators, which add little buffer capacity to the cell, reflect more accurately the change in the free cytosolic calcium concentration. These calcium signals will have faster rise and decay times than those recorded with high-affinity indicators (Helmchen et al., 1997) . However, the use of low-affinity calcium indicators is limited by the need for sufficient sensitivity. This problem becomes increasingly significant when imaging in the noisy in vivo condition and when imaging small structures, such as dendritic spines. In these conditions, high-affinity calcium dyes remain, with all their limitations, the indicators of choice. Fortunately, calcium indicators with different properties can often be easily used complementarily in an experimental series. The new developments will certainly add up to our ability of deciphering the highly complex mechanisms of neuronal signaling in the intact nervous system.
Dye-Loading Approaches
The loading of calcium indicators into neurons depends on the type of calcium indicator, the biological preparation, and the specific scientific question. Figure 3A illustrates the three most widely used approaches for dye loading of individual neurons. In the early imaging experiments, chemical calcium dyes were delivered through sharp microelectrodes both in vitro (Jaffe et al., 1992) and in vivo ) ( Figure 3A , left panel). In more recent years, dye delivery through whole-cell patch-clamp micropipettes became the standard procedure for single-cell dye loading for many applications ( Figure 3A , middle panel) (Eilers and Konnerth, 2009; Margrie et al., 2002) . A particularly useful variant of this method involves in vivo whole-cell recordings that are performed under visual guidance using two-photon imaging by applying the ''shadow patching'' technique Kitamura et al., 2008) . This approach can be combined with the targeting of genetically identified cells expressing a fluorescent marker protein (Margrie et al., 2003) . Other attractive and relatively easy-to-use single-cell approaches are the targeted electroporation (Judkewitz et al., 2009; Kitamura et al., 2008; Nevian and Helmchen, 2007) or single-cell bolus loading (Helmchen et al., 1996) . After approaching the soma of the target neuron with a micropipette in the electroporation experiments ( Figure 3A, right panel) , a few current pulses of appropriate polarity mediate dye delivery to the cell. This approach relies on two distinct mechanisms (for review, see De Vry et al., 2010) . First, the electrical current disrupts the integrity of the cellular plasma membrane for a short period of time causing the transient formation of pores through which the dye molecules diffuse into the cell. Second, the current ''pushes'' the charged indicator molecules out of the pipette into the cell of interest. Importantly, this approach can be used for chemical calcium indicators as well as for DNA encoding for GECIs. A limitation of this method is that, because of the absence of the recording whole-cell microelectrode, the functional status of the neurons is not entirely clear. This can be overcome by combining electroporation of single cells with the cell-attached recordings involving the use of a second, fresh micropipette .
Single-cell calcium imaging is widely used for the analysis of basic mechanisms of calcium signaling in neurons and for the functional analysis of dendrites and spines and calcium signaling in terminals (for specific examples and application protocols see Helmchen and Konnerth, 2011) . However, calcium imaging is also widely used for the monitoring of activity in local populations of interconnected neurons. Early application examples include the analyses of the circuitry of the cortex (Garaschuk et al., 2000; Yuste and Katz, 1991; Yuste et al., 1992) , the hippocampus (Garaschuk et al., 1998) , and the retina (Feller et al., 1996) . This technique has also been successfully applied to identify synaptically connected neurons (Aaron and Yuste, 2006; Bonifazi et al., 2009; Kozloski et al., 2001) . Furthermore, it has been used to analyze pathological forms of network activity, such as epileptiform events (Badea et al., 2001; Trevelyan et al., 2006 ). Here we focus on three widely used approaches for dye loading of neuronal populations in intact tissues. Figure 3B (left panel) illustrates an approach for the targeted bulk dye loading of membrane-permeable acetoxymethyl (AM) ester calcium dyes (Grynkiewicz et al., 1985) involving multicell bolus loading (MCBL) (Stosiek et al., 2003) . This simple method consists of the injection of an AM calcium dye, for example Oregon Green BAPTA-1 AM, by means of an air pressure pulse to brain tissue, resulting in a stained area with a diameter of 300-500 mm (Connor et al., 1999; Garaschuk et al., 2006; Stosiek et al., 2003) . The method involves the trapping of AM calcium dye molecules into cells, neurons and glia (Kerr et al., 2005; Stosiek et al., 2003) , owing to the removal of the hydrophobic ester residue by intracellular esterases (Tsien, 1981) . In neurons, the somatic calcium signals are mediated by calcium entry through voltage-gated calcium channels due to action potential activity. In the absence of effective voltage imaging approaches in vivo, imaging of calcium as surrogate marker for the spiking activity is widely used for the analysis of local neuronal circuits in vitro and in vivo (Kerr et al., 2005; Mao et al., 2001; Ohki et al., 2005; Stosiek et al., 2003) . An unambiguous identification of astrocytes can be achieved by either morphological analysis (astrocytes appear much brighter and their processes can be well distinguished) or coloading with the glial marker sulforhodamine 101 . Moreover, AM loading is combinable with transgenic mouse lines or virally transduced animals that have fluorescent labeling of specific cell types, for example interneurons (Runyan et al., 2010; Sohya et al., 2007; Tamamaki et al., 2003) . It is important to note that Hirase et al. (2004) developed a method that allows the exclusive labeling of astrocytes with fluorescent calcium indicators in vivo and the accurate analysis of glia-specific mechanisms of calcium signaling Wang et al., 2006) .
Besides AM calcium dyes, dextran-conjugated chemical calcium indicators can also be employed for network loading, mostly by pressure injection to axonal pathways where the dye molecules are taken up and transported antero-and retrogradely to the axon terminals and the cell bodies, respectively ( Figure 3B , middle panel) (Gelperin and Flores, 1997) . This approach is suitable for the labeling of populations of neurons and has been successfully used to record calcium signals from axonal terminals in the mouse cerebellum and olfactory bulb (Kreitzer et al., 2000; Oka et al., 2006; Wachowiak and Cohen, 2001 ) as well as calcium signals in spinal cord neurons (O'Donovan et al., 2005) . Finally, electroporation is used not only for the labeling of single cells (see above), but also for the dye loading of local neuronal networks ( Figure 3B , right panel) (Nagayama et al., 2007) . This is achieved by inserting a micropipette containing the dye in salt-form or as dextran-conjugate into the brain or spinal cord area of interest and by applying trains of electrical current pulses. As a result, the dye is taken up by nearby cell bodies and cellular processes, presumably mostly the dendrites. This approach has been successfully utilized in vivo in mouse neocortex, olfactory bulb, and cerebellum (Nagayama et al., 2010 (Nagayama et al., , 2007 . Variants of this method were used for calcium imaging recordings in whole-mounted adult mouse retina (Briggman and Euler, 2011) and in the antennal lobe of the silkmoth (Fujiwara et al., 2009) .
In recent years, GECIs have become a widely used tool in neuroscience (Looger and Griesbeck, 2011) . There are different possibilities of expressing GECIs in neurons, of which viral transduction is probably at present the most popular one ( Figure 3C , left panel). The viral construct with the GECI can be targeted to specific brain areas by means of stereotaxic injection (Cetin et al., 2006) . In principal, lenti-(LV) (Dittgen et al., 2004) , adeno- (Soudais et al., 2004) , adeno-associated (AAV) (Monahan and Samulski, 2000) , herpes-simplex (Lilley et al., 2001) , and recently DG rabies (Osakada et al., 2011) viral vectors are used to introduce GECIs into the cells of interest. One of the practically relevant differences between the various viral vectors is the size of the genome carried by the virus. For example, LV can contain up to 9 kb whereas AAV-based vectors are restricted to a size of only 4.7 kb (Dong et al., 1996; Kumar et al., 2001 ). At present, LV-and AAV-based vectors are probably most widely used (Zhang et al., 2007) . Both vectors are characterized by a high ''multiplicity-of-infection'' (many copy numbers of the viral genome per cell) and thus provide high expression levels over long periods of time with only little reported adverse effects (Davidson and Breakefield, 2003) . Importantly, there are multiple approaches how to obtain target specificity to specific cell types.
Besides viral tropisms for definite cell types (Nathanson et al., 2009b) , specificity for defined cell populations can arise from the use of cell-type-specific promoters (Chhatwal et al., 2007; Nathanson et al., 2009a; Shevtsova et al., 2005) or from the combination of transgenic cell-type-specific Cre recombinase driver mouse and rat lines (Gong et al., 2007; Witten et al., 2011 ) with a recombinase-dependent viral vector (Wirth et al., 2007) . The latter restricts the research to rat and mouse as animal models whereas the other approaches are applicable also in other species. Second, in utero electroporation of DNA plasmids encoding for the GECI can be used and results, in contrast to viral delivery, in a relatively sparser labeling (Figure 3C , middle panel) . Since the early reports several years ago (e.g., Tabata and Nakajima, 2001) , in utero electroporation has emerged as an efficient method to deliver DNA into cerebral precursor cells and, as consequence, neurons (Shimogori and Ogawa, 2008) . Similar to single-cell and bulk electroporation techniques (see above), in utero electroporation uses an electrical field to drive negatively charged DNA molecules into the cells (De Vry et al., 2010) . The sizes of the transfected area as well as the neuronal specificity depend on the embryo's age and the electrode configuration (Borrell et al., 2005; Langevin et al., 2007) . It is important to stress that in utero electroporation has the advantage that there are no limitations concerning the size of the transfected gene of interest and that it can be applied in species where transgenic technology is not easily implemented. Finally, generating transgenic mice expressing GECIs has been a challenge and initial attempts failed ( Figure 3C , right panel) (Heim and Griesbeck, 2004; Nagai et al., 2004; Pologruto et al., 2004; Tsai et al., 2003) . The precise reason for these failures is not entirely understood, but one problem seemed to be that a substantial fraction of the indicator protein was not functional when expressed in a transgenic mouse line (Hasan et al., 2004) . Nevertheless, mice expressing GECIs would tremendously facilitate many experiments and a few transgenic lines are meanwhile available (Kotlikoff, 2007) . For example, Hasan et al. (2004) reported the generation of two transgenic mouse lines expressing under a tetracyclineinducible promoter either camgaroo-2 or inverse pericam that was used for calcium imaging in the mouse olfactory bulb in vivo. Fletcher et al. (2009) show odor-evoked calcium responses in a transgenic mouse line expressing GCamp2 and finally Heim et al. (2007) report the presence of glutamate-induced calcium transients in the soma and dendrites of CerTN-L15-expressing neurons.
Chemical and genetically encoded calcium indicators have specific advantages and limitations that need to be taken into account when designing a new experiment. For example, chemical calcium indicators are characterized by a very good signalto-noise ratio and rapid kinetics (e.g., Helmchen et al., 1997; Hendel et al., 2008) . In addition, the methods for targeted dye loading to single cells or small groups of cells are well established ( Figures 3A and 3B ) and these methods are similar in various mammalian species. One limitation is that it is difficult to specifically label genetically defined classes of neurons-for example, a particular class of interneurons. Another serious limitation is the difficulty to perform chronic recordings over several days (Andermann et al., 2010 ). For such applications, GECIs are superior as they are functional in neurons over long time periods (Andermann et al., 2010; Tian et al., 2009 ). For chronic imaging over weeks and months they can be combined with the chronic window (Holtmaat et al., 2009) or thinned skull preparations . Unlike chemical indicators, GECIs allow, in conjunction with cell-type-specific promoters (Bozza et al., 2004) , targeting sequences (Mao et al., 2008; Shigetomi et al., 2010) , and the use of the Cre-loxP system (Luo et al., 2008) , recordings from molecularly defined cell types or even subcellular compartments. Moreover, the FRET-based GECIs are rather insensitive to brain pulsation and motion artifacts, a feature that is particularly beneficial for measurements in awake, behaving animals (Lü tcke et al., 2010). However, the delivery of GECIs through pipette-based viral transduction or through in utero electroporation can sometimes lead to heterogeneous cellular labeling and/or to tissue damage.
Another not yet fully solved problem is the slow kinetics of most GECIs due to their rather slow on and off rates (e.g., Hendel et al., 2008) . Furthermore, there is the potential problem of cytotoxicity, which is observed after long-term expression of various GECIs (e.g., GCaMP3, D3cpV, and TN-XXL) through in utero electroporation or viral transduction (Tian et al., 2009 ). In addition, expression of GECIs in transgenic animals may reduce their calcium sensing performance (Hasan et al., 2004) . Currently, there are intense ongoing research efforts that lead to rapid improvements and a continuously growing range of applications of the various GECIs (Looger and Griesbeck, 2011; Zhao et al., 2011) .
Common Calcium Imaging Devices
The main types of instrumentation that are used for calcium imaging are summarized in Figure 4 . The light-sensing device is usually attached to a microscope and combined, depending on the specific application, with an appropriate light source for the excitation of the calcium indicator dyes. Figures 4A and 4B illustrate schematically two calcium imaging approaches involving wide-field microscopy (for review, see Homma et al., 2009) . In these cases, the light source is usually a mercury or xenon lamp, allowing an easy change of the excitation wavelengths. Switching between two excitation wavelengths, as used in excitation ratiometric measurements, can be performed rapidly by using, for example, a filter wheel or a regulated monochromatic light source. Excitation and emission light is usually separated by a dichroic mirror that is located within the microscope. Calcium imaging can be performed by using photodiode arrays ( Figure 4A ) (Ross and Werman, 1987) , devices that are not very common anymore, as well as by intensified video cameras (Smith and Augustine, 1988) , by charged coupled detector (CCD)-based cameras ( Figure 4B) , and increasingly by complementary metal-oxide-semiconductor (CMOS)-based cameras (Baker et al., 2005; Carlson and Coulter, 2008) . The classical photodiode arrays consist of a set of photodiodes (typically 124-1020 elements) (Grinvald et al., 1981) . Each photodiode represents one pixel. Photodiode arrays are characterized by very high dynamic range and high speed but have a rather poor spatial resolution. CCD-based cameras consist of an array of photodiodes that are densely packed on a chip. In contrast to the traditional photodiode arrays, however, CCDbased cameras involve a serial read-out of the signals. Modern CCD-based cameras have an exquisitely high spatial and temporal resolution, but the noise level per pixel is high in some types of cameras. The contrast and resolution of wide-field microscopy based calcium imaging is limited by light scattering, especially when attempting to image neurons that are located deeper in the brain tissue (e.g., Denk and Svoboda, 1997) . Therefore, these techniques are usually more appropriate for in vitro applications, like calcium imaging in neuronal cell cultures (Segal, 1995) . In the in vivo situation, CCD-/CMOS-based cameras have found interesting applications in the imaging of large-scale calcium dynamics from the superficial cortical layers (e.g., Berger et al., 2007; Minderer et al., 2012) .
Imaging calcium in neurons at deeper locations in the brain or spinal cord is usually performed by using confocal ( Figure 4C ) or two-photon microscopy ( Figure 4D ). Laser scanning microscopy generates the image by scanning a laser beam over the specimen . The image is then created from the fluorescence values acquired for each pixel. Confocal microscopy usually involves one-photon excitation and, thus, the specimen is illuminated above and below the focal plane, which may cause photodamage in nonimaged regions. Figure 4C shows a schematic representation of a microscope design, in which optical sectioning is achieved by the implementation of a confocal aperture, a pinhole or slit, in an image-conjugated plane that blocks the out-of-focus fluorescence from reaching the detector unit . Therefore, only photons that have been generated in the focal plane reach the photomultiplier tube (PMT). Unfortunately, the confocal aperture also blocks photons that are in fact generated in the focal plane, but are scattered on the way back through the optical pathway. This waste of photons becomes more and more critical when scattering increases when imaging deeper within the tissue. To compensate for the loss of ballistic photons due to scattering, excitation light power can be initially increased. This comes at the expense of increased tissue photodamage (in focus and out-of-focus), which can be high in confocal microscopy. Therefore, confocal microscopy, like wide-field microscopy, is mostly restricted to in vitro preparations, such as cultured neurons or brain slices. Finally, some applications benefit from the use of spinning disk-based confocal imaging involving the use of a rotating disk with a large number of fine pinholes, each of which acts each as an individual confocal aperture (''Nipkow disk'') (Stephens and Allan, 2003; Takahara et al., 2011; Wilson, 2010) . During imaging, many focal spots are illuminated simultaneously and the holes are arranged such that rotation of the disk causes the entire sample to be illuminated successively. A CCD-based camera can be used for image detection. Because of the simultaneous sampling from many focal points, this system can achieve higher image acquisition rates than laser scanning confocal microscopes.
The establishment of two-photon microscopy (Denk et al., 1990 ) that allows high-resolution and high-sensitivity fluorescence microscopy in highly scattering brain tissue in vivo was therefore an important step forward in the field of neuroscience (for review, see Svoboda and Yasuda, 2006) (Figure 4D ). In two-photon microscopy, two low-energy near-IR photons cooperate to produce a transition from the ground to the excited state in a fluorescent molecule. This two-photon effect must occur within a femtosecond time window. Importantly, the process of two-photon absorption is nonlinear such that its rate depends on the second power of the light intensity. As a consequence, fluorophores are almost exclusively excited in a diffraction-limited focal volume (''localization of excitation'') (Svoboda and Yasuda, 2006 lasers suitable for two-photon microscopy, which are characterized by short pulses of about 100 fs duration containing a high photon density, allowed this process to be exploited for fluorescence microscopy in biological samples. Since excitation is bound to occur only in the focal spot, all fluorescence photons, ballistic or scattered, caught by the microscope and transmitted to the detecting photomultiplier (PMT) at a given time point can be used to generate the image (e.g., Denk et al., 1994) . Another advantage is that the usual excitation wavelengths are within the near-IR spectrum, with a better tissue penetration than the visible light used in one-photon microscopy. This is due to the fact that these wavelengths are less scattered and less absorbed by natural chromophores present in the brain (e.g., Oheim et al., 2001) . Importantly, the background fluorescence level is very low. For all those reasons, two-photon calcium imaging became the method of choice for recordings in deeper brain regions (for review, see Helmchen and Denk, 2005; Svoboda and Yasuda, 2006) . Thus, cortical circuits can be examined in vivo with connections well preserved. Common two-photon lasers are tunable from 700 nm to 1000 nm or more and are suitable for the excitation of most commercially available fluorophores. There are promising new approaches to extend the quality and versatility of two-photon microscopy and thereby two-photon calcium imaging. Inspired by imaging work that is performed in astronomy the use of adaptive optics in neurobiology aims at correcting in advance (before the illumination light is entering the optical pathway) for spherical aberrations that may distort the laser pulse and, therefore, may decrease the efficiency of two-photon imaging. These aberrations become increasingly more relevant with increasing depth (Girkin et al., 2009 ). The purpose of this correction is to obtain the optimal duration and shape of the laser pulse at the focal spot (Ji et al., 2010; Rueckel et al., 2006; Sherman et al., 2002 ). An interesting approach to increase depth penetration in two-photon microscopy is the use of regenerative laser amplifiers, which yields laser pulses with higher photon density, but at lower repetition rate. Because of the increased photon density, the probability for the twophoton effect is elevated, allowing, for example, the recording of sensory-evoked calcium signals from layer 5 pyramidal neuron somata in vivo (Mittmann et al., 2011) . Present limitations of this technique are the lack of wavelength tunability and the decreased speed of imaging. Finally, the development of optical parametric oscillators (OPOs) pushes two-photon microscopy toward excitation wavelengths in the infrared spectrum (>1080 nm) and enables the efficient excitation of red-shifted fluorophores. As a result, it can increase imaging depth because of the reduced absorption and scattering at longer wavelengths (Andresen et al., 2009; Kobat et al., 2009 ). The speed of calcium imaging can be increased by the use of resonant galvo-scanners (Fan et al., 1999; Nguyen et al., 2001; Rochefort et al., 2009) or the use of acousto-optic deflectors (AOD) Grewe et al., 2010; Iyer et al., 2006; Lechleiter et al., 2002; Otsu et al., 2008) , especially when implementing the randomaccess imaging mode (Iyer et al., 2006; Kirkby et al., 2010; Otsu et al., 2008) . Alternatively, multibeam confocal excitation also allows high imaging speed, but is restricted to superficial layers of nervous tissue and is so far only used in ex vivo preparations (Cré pel et al., 2007) . Next, there are increasing efforts for 3D imaging, involving various approaches (Cheng et al., 2011; .
Even when using two-photon microscopy combined with improved depth penetration, imaging depth is ultimately limited (Andresen et al., 2009; Theer et al., 2003) . A major limiting factor is the fluorescence generated by off-focus excitation light at the surface of the sample (Helmchen and Denk, 2005) . Off-focus excitation increases necessarily because, in order to image deeper in the tissue, the laser intensity needs to be increased. This reduces dramatically the imaging quality. A not too elegant, but obvious approach for the recording from deeper brain regions is the mechanical removal of the covering tissue-for example the removal of cortical tissue located on top of the hippocampus (Dombeck et al., 2010; Mizrahi et al., 2004) . Another way for the detection of calcium signals in deep brain structures involves microendoscopic approaches ( Figure 4E ). These include the insertion of optical fibers and fiber-like GRIN lenses alone or in conjunction with microprisms (Adelsberger et al., 2005; Chia and Levene, 2009; Flusberg et al., 2005; Grienberger et al., 2012; Jung et al., 2004; Levene et al., 2004; Murayama et al., 2007) . GRIN-based microendoscopes, usually 350-1000 mm in diameter, comprise typically 1-3 gradient refractive index (GRIN) lenses that use internal variations in their refractive index to guide light to and back from the site of recording. Microendoscopes can, if coupled to an objective, project the scanning pattern into the focal plane, which lies inside the tissue and can also allow for changes in the axial position of the focal plane (Wilt et al., 2009) . Their features, such as field-of-view size, numerical aperture, working distance, and physical length can be freely chosen. Complementary to these techniques, a dual-core microprobe that combines an optical core to locally excite and collect fluorescence with an electrolyte-filled core to record electrical signals has been developed (LeChasseur et al., 2011) .
Finally, there are increasing efforts directed toward recordings in freely moving animals, involving the development of miniaturized head-mounted imaging devices (Engelbrecht et al., 2008; Flusberg et al., 2008; Helmchen et al., 2001; Sawinski et al., 2009) . These imaging devices generally consist of two components ( Figure 4F) . A mobile component is fixed on the skull of the moving animal and contains the optical components. The other component is connected with the mobile one through an optical fiber and is usually immobile, containing the hard-and software for image recordings. The individual designs of these devices vary substantially. For example, whereas Helmchen et al. (2001) places nearly all components of a traditional microscope in the head-mounted mobile device (including objective, dichroic mirror, PMT, and scanner), Sawinski et al. (2009) included into the head-fixed component only the objective and the dichroic mirror. Recently, Ghosh et al. (2011) reported the development of a one photon-based and completely autochthone head-fixed camera-based device, usable for functional calcium measurements in freely moving animals.
Application Examples of Calcium Imaging
In the following we highlight several applications of calcium imaging obtained in mammalian neurons. It is needless to say that calcium imaging can be successfully performed in many other species, including zebrafish (e.g., Brustein et al., 2003; Sumbre et al., 2008; Yaksi et al., 2009) , Aplysia (e.g., Gitler and Spira, 1998) , crayfish (e.g., Ravin et al., 1997) , developing Xenopus (e.g., Demarque and Spitzer, 2010; Hiramoto and Cline, 2009; Tao et al., 2001) , frog (e.g., Delaney et al., 2001) , squid (e.g., Smith et al., 1993) , turtle (e.g., Wachowiak et al., 2002) , Drosophila (e.g., Seelig et al., 2010; Wang et al., 2003; Yu et al., 2003) , blowfly (e.g., Elyada et al., 2009) , and honey bee (e.g., Galizia et al., 1999) .
Imaging Post-and Presynaptic Function In Vitro
Imaging dendritic spines, the postsynaptic site of excitatory connections in many neurons, was one of the first biological applications of two-photon calcium imaging. Combining twophoton microscopy with calcium imaging in hippocampal brain slices demonstrated that calcium signals can be restricted to dendritic spines (Figures 5Aa and 5Ab) (Yuste and Denk, 1995) . The authors showed additionally that spine calcium signals were abolished by the application of the blockers of Spine calcium signals recorded from a CA1 pyramidal neuron in a rat hippocampal slice preparation. (Aa) Image of a dendritic segment covered with many dendritic spines taken in a rat hippocampal slice. The CA1 pyramidal neuron was filled with Calcium Green-1 using the wholecell patch-clamp configuration. The regions of interest (ROI) 1 and 3 contain dendritic spines whereas ROI 2 and ROI 4 are located on the dendritic shaft. (Ab) Calcium transients caused by spontaneous synaptic activity. Note that there are calcium transients only in ROI 1 and 2. Panels (Aa) and (Ab) adapted by permission from Yuste and Denk (1995) . ( glutamatergic transmission. Subsequently, synaptically evoked spine calcium signaling was found to be caused by a variety of other mechanisms, depending on the type of neuron Finch and Augustine, 1998; Kovalchuk et al., 2000; Raymond and Redman, 2006; Wang et al., 2000) . For example, Figures 5Ac and 5Ad show results obtained with confocal calcium imaging from mouse cerebellar parallel fiber-Purkinje cell synapses. The authors identified the calcium signaling mechanism of metabotropic glutamate receptor type 1-mediated transmission, involving calcium release from internal stores in dendrites and spines (Takechi et al., 1998) . It has been shown that such a localized dendritic calcium signaling is essential for the induction of long-term synaptic depression (Konnerth et al., 1992; Wang et al., 2000) , a possible cellular mechanism underlying motor learning in the cerebellum (Aiba et al., 1994; Bender et al., 2006) .
Similarly, the calcium dynamics at presynaptic terminals are also accessible to calcium imaging (Delaney et al., 1989; Tank, 1991a, 1991b; Rusakov et al., 2004; Smith et al., 1993) . For this purpose, presynaptic terminals are loaded with an appropriate calcium indicator dye. A nice example is illustrated in Figures 5Ba-5Bc . To image climbing fibers in the cerebellar cortex, the authors injected the calcium indicator fluo-4 together with the morphological marker Texas red dextran upstream into the inferior olive of neonatal rats in vivo (Kreitzer et al., 2000) . The dextran-conjugated calcium dye and Texas red were taken up by the inferior olive neurons and diffused within a few days through the climbing fibers to the cerebellar cortex. Thus, climbing fibers could be identified in subsequently prepared cerebellar slices. Purkinje cells were then counterlabeled with Alexa Fluor 488 (Figure 5Ba ). This approach enabled the recording of stimulus-induced calcium signals in the presynaptic climbing fibers (Figures 5Bb and 5Bc) . Another example involves calcium imaging of presynaptic boutons of cortical pyramidal neurons by Koester and Sakmann (2000) , who combined two-photon microscopy and loading of the presynaptic terminals with Oregon Green BAPTA-1 via whole-cell recordings of the presynaptic neurons (Figure 5Bd and 5Be ). Thus, they were able to record action-potential-evoked calcium signals in axonal boutons of cortical layer 2/3 pyramidal neurons of juvenile rats (Figure 5Be ). These presynaptic calcium signals were found to be reliably inducible by only a single action potential. Interestingly, the large action-potential-evoked calcium signals were mostly localized to the boutons, but not the surrounding axonal segments.
Dendritic and Spine Calcium Signals In Vivo
In recent years, it has become possible to use two-photon microscopy for imaging dendritic and spine calcium signals in mammalian neurons in vivo Helmchen et al., 1999; Jia et al., 2010; Svoboda et al., 1997; Svoboda et al., 1999; Takahashi et al., 2012; Waters and Helmchen, 2004) . Svoboda et al. reported in 1997 for the first time dendritic calcium signals in vivo that were obtained from layer 2/3 rat pyramidal neurons ( Figure 6A ). They were able to record stimulus-associated dendritic calcium signals in barrel cortical neurons (Figures  6Ab-6Ad) . The amplitude of these calcium signals was correlated to the number of action potentials and was largest in the proximal dendrite, suggesting that the signals were due to action potential back-propagation into the dendritic arbor. One role of these dendritic signals may be the amplification of calcium signals that are evoked by synaptic activity Svoboda et al., 1997; Svoboda et al., 1999; Waters and Helmchen, 2004; Waters et al., 2003) . Besides the study of such backpropagation-evoked calcium signals, it became recently feasible to use calcium imaging for the investigation of the spatial and temporal distribution of synaptic inputs to cortical neurons in vivo Jia et al., 2010; Varga et al., 2011) . In these studies, the membrane potential of the neurons was slightly hyperpolarized to prevent action potential firing. Thus, it became possible to isolate local dendritic or even single spine calcium signals in response to sensory stimulation. The local calcium signals reflected specific sensory-evoked synaptic input sites on the dendrites of the respective neurons. Figure 6B shows, for example, the sensory-evoked calcium signals recorded by Chen et al. (2011) in the spines and dendrites of mouse layer 2/3 auditory cortex neurons (Figures 6Ba and 6Bb) . The stable recording of such single spine calcium signals in vivo required the development of a new method named low-power temporal oversampling (LOTOS). LOTOS helps to increase the yield in fluorescence signal and to reduce phototoxic damage . The sound-evoked spine calcium signals were found to be, in agreement with previous in vitro studies (e.g., Yuste and Denk, 1995) , mostly compartmentalized in dendritic spines (Figure 6Bc) . Importantly, calcium imaging enabled the recording of many synaptic sites at the same time and, therefore, to map functionally the synaptic input sites of a specific neuron. While these studies relied on the use of chemical calcium indicators (Jia et al., 2011) , we expect that in the future GECIs will be widely used to investigate dendritic calcium signals. A proofof-principle study demonstrated already a few years ago that, using a transgenic mouse line expressing the Troponin-Cbased calcium indicator CerTN-L15, it was possible to record glutamate-induced calcium signals from dendrites in vivo (Heim et al., 2007) . Another approach for recording dendritic calcium signals in vivo involves the use of a so called ''fiberoptic periscope'' Murayama et al., 2007) . The periscope is composed of a GRIN lens and a microprism angled at 90 , which is inserted in the cortex. The method combines targeted AM loading of apical dendrites of cortical layer 5 pyramidal neurons with a chemical calcium indicator with horizontal fluorescence collection from the top cortical layers ). It uses one-photon excitation and, strictly speaking, it is not a conventional imaging method as it collects the average fluorescence from many layer 5 dendrites without generating an image. However, it is applicable in anesthetized as well as in awake behaving mice, and there are attempts to combine the periscope approach with two-photon imaging (Chia and Levene, 2009) . Circuit Analysis in Different Animal Models In Vivo Combining two-photon microscopy with AM calcium dye loading allows the functional analysis of local cortical circuits (Greenberg et al., 2008; Ohki et al., 2005; Stosiek et al., 2003) . This approach has been applied in many different animal models, including mouse, rat, cat, and ferret (Kerr et al., 2007; Li et al., 2008; Ohki et al., 2006; Rochefort et al., 2011) . Figure 7A shows the first example of such an in vivo two-photon imaging experiment. The authors investigated the responsiveness of mouse barrel cortical neurons to whisker stimulation and demonstrated the feasibility of calcium imaging for the recording of action-potential-evoked activity with single-cell resolution (Stosiek et al., 2003) . The AM loading approach has also been used in the cat to investigate the orientation preference of visual cortex neurons (Ohki et al., 2005) (Figure 7B ). This study showed that orientation columns in the cat visual cortex are segregated with an extremely high spatial precision so that, even at the single cell level, areas of neurons with different orientation preference can be precisely distinguished. Examples of further studies using two-photon calcium imaging include recordings from mouse barrel (Sato et al., 2007) , visual (Smith and Hä usser, 2010) , and auditory cortices (Bandyopadhyay et al., 2010; Rothschild et al., 2010) as well as from the mouse olfactory bulb and rat cerebellum (Sullivan et al., 2005) . Various approaches can be used for extracting the action potential activity underlying such somatic calcium transients (Holekamp et al., 2008; Kerr et al., 2005; Sasaki et al., 2008; Vogelstein et al., 2010 Vogelstein et al., , 2009 Yaksi and Friedrich, 2006) . For example, an effective approach is the ''peeling algorithm'' (Grewe et al., 2010) , which is based on subtracting single action-potential-evoked calcium transients from the fluorescent trace until no additional event is present in the residual trace. Again, GECIs can be adapted as well for such studies of neuronal network function in different animal models (see also Table 1 ). Meanwhile, they have been used in rodents, Drosophila, C. elegans, zebrafish, and even primates (Díez-García et al., 2005; Heider et al., 2010; Higashijima et al., 2003; Horikawa et al., 2010; Li et al., 2005 A promising application of in vivo two-photon calcium imaging is the investigation of neuronal network plasticity. For example, experimental paradigms of visual deprivation (e.g., stripe rearing to influence orientation selectivity or unilateral eyelid closure to influence ocular dominance plasticity) have been shown to impact significantly the functional properties of mouse visual cortex neurons (Kreile et al., 2011; Mrsic-Flogel et al., 2007) . Similarly, calcium imaging has been used to study the plasticity of neuronal networks in mouse models of disease, for example after ischemic damage of the somatosensory cortex (Winship and Murphy, 2008) .
Calcium Imaging in Behaving Animals
There is a wide interest to examine brain circuits in relation to defined behaviors in awake animals. To achieve this, there are at present two major strategies involving calcium imaging as the central method for cellular functional analysis. One approach involves the use of head-mounted portable minimicroscopes (see section on imaging devices); the other concentrates on the study of head-fixed animals involving the use of standard two-photon microscopes. Figure 8A illustrates an experiment that was performed in the motor cortex of head-fixed mice that were engaged in an olfactory discrimination test (Komiyama et al., 2010) . The animals were trained to lick in response to odor A and to stop licking in response to odor B (Figure 8Aa ). The somatic calcium transients that were recorded in motor cortical neurons of the behaving mice had an excellent signalto-noise ratio (Figures 8Ab-8Ac) . Such experiments involving head fixation are possible because the mice have been gradually adapted to the experimental set-up, which includes the training in a tube-like construction which provides protection to the animal (in that particular study training lasted for 5 days on average). Another study examined the function of hippocampal neurons during a complex behavior. In this case, the mice were placed on a spherical treadmill on which they could run (Figure 8Ba) (Dombeck et al., 2009 (Dombeck et al., , 2007 . The authors used twophoton calcium imaging of GCaMP3-labeled pyramidal neurons in the CA1 region of the hippocampus to study the spatial distribution of place cells (Figure 8Bb) (Dombeck et al., 2010) . For this purpose, they removed a few days before the experiment some of the cortex tissue covering the hippocampus. In their experiments, they were able to map CA1 place cells by combining the positioning data from the spherical treadmill with the neuronal calcium signals (Figures 8Bb-8Bd) . A remaining challenge of such studies is that it is very difficult to obtain calcium imaging and electrophysiological recordings from the same cell. Therefore, the relation between calcium transients and the underlying action potential activity is not yet entirely clear under these recording conditions. Furthermore, motion artifacts are often unavoidable, requiring the use of various motion correction algorithms (Dombeck et al., 2010 (Dombeck et al., , 2007 Komiyama et al., 2010) . However, such experiments involving the use of GECIs can be repeated during consecutive days and weeks again and again, allowing an in-depth analysis of the mechanisms of neuronal plasticity in vivo (Andermann et al., 2010; .
Outlook
What are the upcoming major challenges in neuronal calcium imaging? On the single-cell level, calcium imaging will remain an important tool for the analysis of the mechanisms associated with synaptic function and synaptic plasticity in specific types of neurons. The in vitro studies in combination with targeted mutations of neuronal signaling proteins can provide highly quantitative information on the intracellular mechanisms involving calcium signaling in specific neuronal subdomains, like spines and nerve terminals. The in vivo studies are likely to extend rapidly beyond the currently used layer 2/3 analysis, to neurons in deeper cortical layers, especially dendrites and somata in layer 4 and layer 5 of the mouse cortex. In combination with optogenetics, the combination of optics and genetics to achieve control over the activity of the target cells , such studies will contribute to a better understanding of local network function in the context of defined simple behaviors. Another important area that is likely to strongly expand in the coming years is calcium imaging in defined types of neurons in awake, behaving animals. These studies will not be restricted to mice and rats, but are likely to be increasingly extended also to other models, like ferrets, cats, and especially primates. An area of application with growing impact will be the use of calcium imaging in molecular medicine for a detailed analysis of signaling mechanisms in the explosively increasing number of disease models (Rochefort et al., 2008) . We also expect further developments in calcium imaging technology, especially concerning devices capable of 3D imaging and miniaturized devices to be used in freely moving animals. Finally, calcium imaging may greatly benefit from the development of improved GECIs with higher signal sensitivity and better temporal response characteristics.
